We review our recent progresses on frequency conversion in integrated devices, focusing primarily on experiments based on strip-loaded and quantum-well intermixed AlGaAs waveguides, and on CMOS-compatible high-index doped silica glass waveguides. The former includes both second-and third-order interactions, demonstrating wavelength 2 conversion by tunable difference-frequency generation over a bandwidth of more than 100 nm, as well as broadband self-phase modulation and tunable four-wave mixing. The latter includes four-wave mixing using low-power continuous-wave light in microring resonators as well as hyper-parametric oscillation in a high quality factor resonator, towards the realization of an integrated multiple wavelength source with important applications for telecommunications, spectroscopy, and metrology.
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Introduction
Optical frequency conversion has become an increasingly important area of research since the first observation of Second Harmonic Generation (SHG) by Franken and coworkers in 1961 [1] , which marked the birth of nonlinear optics (see also [2, 3] ). After the first studies in integrated optics (for a comprehensive review of this topic see, e.g., [4] ), it became clear that guided waves would offer fundamental advantages for nonlinear optics due to the intrinsic radiation confinement, thus leading to high optical intensities over long propagation distances [5] [6] [7] .
Indeed, ten years later, Anderson and Boyd performed the first nonlinear optics experiment in waveguides that, as for bulk nonlinear optics, dealt with frequency conversion (SHG in GaAs waveguides) [8] .
Optical frequency conversion still remains a topic of substantial interest in both bulk and integrated structures, as witnessed by the high number of published articles each year in this field [9] . Besides the obvious interest for novel wavelength sources, optical frequency conversion has attracted significant attention in the integrated optics community for applications related (but not limited) to all-optical networks, such as signal regeneration (see, e.g., [10] ) and Wavelength Division Multiplexing (WDM, see, e.g., [11, 12] and references therein). Other applications include gas sensing, time resolved spectroscopy, high-resolution metrology, material science and bio-photonics (see [13] and references therein).
In this paper, we review our recent results on optical frequency conversion in integrated structures, exploiting χ (3) effects in AlGaAs strip-loaded waveguides and in CMOS compatible high-index doped silica glass microring resonators, and the χ (2) nonlinearity in AlGaAs intermixed waveguides. We focus on self-phase and cross-phase modulation, four-wave mixing, second-harmonic generation, and on the phase matching schemes required to enhance these processes. The paper is organized as follows. In Sec. 1.1 we review optical frequency conversion based on both second-and third-order optical nonlinearities. Then, we briefly review in Sec. 1.2 the photonic platforms for integrated frequency conversion, mainly focusing on semiconductors and high-index doped silica glass. In order to enhance the nonlinear interactions several photonic structures can be exploited, as described in Sec. 1.3. Our results for frequency conversion in AlGaAs strip-loaded waveguides, by means of both χ (2) and χ (3) interactions are reported in Sec.
2. Finally, in Sec. 3 we describe our results for frequency conversion in microring resonators, allowing for highly efficiency nonlinear interactions with continuous wave sources.
Frequency Conversion
The nonlinear processes underpinning optical frequency conversion typically have electronic origin, stemming (in dielectrics) from the profile of the potential well that maintains the electron cloud localized. These processes are inherently instantaneous at optical frequencies and can be classified according to the order of the nonlinearity (typically 2 nd or 3 rd ), represented by the nonlinear optical susceptibilities χ (2) and χ (3) , respectively. Third-order nonlinear optical interactions are of particular relevance for optical communication systems, considering that common materials for integrated optics like silicon and silica, being centrosymmetric, lack evenorder nonlinearities. Moreover, standard interaction schemes in χ (3) materials exploit the interaction of waves close in wavelength, all localized within the standard third-telecom window (C-band). Commonly used materials for optical waveguides also include second-order nonlinear media, such as AlGaAs, and thus χ (2) effects may also be exploited in guided geometries. There is a large number of publications on nonlinear optical effects, both in bulk and guided optics, and a detailed overview on this topic is well beyond the scope of this paper. For a detailed and complete survey, we refer the reader to well-known books, e.g., [14] [15] [16] .
In the following subsections, we briefly describe some of the nonlinear processes exploited for optical frequency conversion in integrated devices, starting with χ (3) effects, namely self-and cross-phase modulation and four-wave mixing. In Sec. 1.1.2 we focus instead on second-order nonlinear processes, such as second-harmonic and difference-frequency generation.
Third-order effects
Phase modulation. The Kerr effect [14] is the simplest model describing the nonlinear fieldmatter interaction experienced by intense optical beams when propagating in χ (3) materials. It implies a linear dependence of the field phase velocity (i.e., the refractive index) from its intensity. The self-phase modulation (SPM) that leads to a nonlinear variation in time of the optical phase ϕ(t) [17, 18] , is the most common phenomenon described by the Kerr-law, i.e., ϕ(t)
∝ n 2 I(t), where n 2 is the nonlinear Kerr coefficient (determined by the material properties) and I(t) is the intensity profile of the pulse. Since the instantaneous optical frequency is proportional to the first derivative in time of the phase [14] , the nonlinear phase shift due to SPM leads to spectral broadening of the pulse. SPM plays a key role in the generation of new frequencies due to the nonlinear pulse spectral broadening in third order materials, usually referred as supercontinuum generation [15] .
When two pulses, namely A and B, overlap in time while propagating in a χ (3) medium, they will also experience what is referred to as cross-phase modulation (XPM). In this case, pulse A undergoes a phase modulation induced by the intensity variation of pulse B (and vice versa), ϕ A/B (t) ∝ n 2 I B/A (t) [15] , in addition to SPM. In general, the magnitude of the Kerr coefficient of the XPM phenomenon depends on the specific interaction geometry. For example, for co-polarized pulses at close wavelengths, the XPM Kerr coefficient is twice as strong as the corresponding coefficient in SPM. In turn, XPM is inherently affected by the group velocity mismatch, leading to walk-off between the pulses.
A complete and quantitative description of SPM and XPM taking into account all the propagation effects such as dispersion, losses, group velocity dispersion and mismatch, etc., relies on the numerical integration of the propagation equations. A detailed analysis can be found in [14, 15] . Nevertheless, the simple picture given above properly describes the main characteristics of SPM and XPM and the experimental results reported in the following (Sec.
2.1).
SPM and XPM have often been seen as detrimental effects in optical communication systems (e.g., waveform degradation), and much effort has previously been devoted in fiber systems to avoid and limit these processes. Nevertheless, nowadays protocols exist for exploiting nonlinear phase modulations in optical communication, e.g. SPM-based optical regeneration of WDM channels, ultrafast all-optical switching based on both SPM and XPM, XPM-induced demultiplexing, etc. (see, e.g., [19] ).
Four wave mixing, (FWM) is the most general interaction model in third order nonlinear materials, and involves the interaction between four distinguishable waves, for example the generation of a new frequency component from three separate input sources [14, 15] . Differently from SPM and XPM, in the FWM process, an actual energy exchange occurs amongst the interacting waves. From a quantum perspective, photons of frequencies ω p1 , ω p2 , and ω s interact in a χ (3) medium to produce a new photon with (energy) frequency ω i = ω p1 + ω p2 -ω s , as prescribed from energy considerations (see Fig. 1 ). In the degenerate case, only two separate light sources are used: ω i = 2ω p -ω s . The process can be intuitively understood as an electronic interaction between an atom and the two pump photons ω p such that the atom is excited to a virtual level. The relaxation of this interaction is then stimulated by another incoming signal photon ω s to allow the emission of two new photons at ω s and ω i . Efficient frequency conversion through FWM in a medium of finite length requires the momentum conservation of the interacting waves, a condition typically reported as phase matching [14, 15] . In integrated optics, this can be achieved, e.g., by means of dispersion-engineered waveguides. In telecom applications, FWM has been exploited to implement optical frequency conversion applications, such as carrier remapping in WDM systems, a result of the relaxed phase-matching condition in narrow band systems. In the following sections we report our recent results on FWM-mediated optical frequency conversion in integrated structures, both for pulsed and continuous wave (CW) sources (see Secs. 2.1 and 3.1, respectively).
Second-order processes
Similarly to FWM in χ (3) materials, in second-order nonlinear media optical frequency conversion can be achieved by means of three-wave mixing (TWM). It implies an energy exchange among three distinguishable waves, governed by energy conservation (i.e.,
Second-harmonic generation (ω 1 +ω 1 2ω 1 ) is a particular case of sum-frequency generation (SFG, ω 1 +ω 2 ω 3 ). It is widely exploited to generate short wavelengths from a single long wavelength source, e.g., in frequency-doubled lasers as well as for nonlinear microscopy (two-photon fluorescence). On the other hand, difference-frequency generation (DFG, ω 1 -ω 2 ω 3 ) is the main mechanism behind most optical parametric oscillators, and is also of critical importance for the generation of THz radiation, and for chemical sensing in the mid-infrared. All these effects can in principle occur, but the phase matching condition usually discriminates a dominant process among them.
In a number of relevant scenarios (e.g., parametric amplifications), phase matching in second-order optical frequency conversion is typically more problematic than the equivalent case realized through FWM, since the wavelengths of the fields involved can be quite different and thus the effect of dispersion is significant. Several different techniques have been developed so far for achieving phase matching, mostly relying on birefringence in bulk nonlinear crystals. An important class of reference materials for integrated optics, namely the III-V semiconductors like
AlGaAs, possesses significant second-order nonlinearity while being non-birefringent, and thus other more complex phase matching techniques must be exploited. More details on this topic will be addressed in Sec. 1.3.2.
Photonic Platforms
Several different material platforms have been investigated in the last years for photonic integrated circuits [20] [21] [22] [23] , and the quest is still open for the perfect material for future all-optical networks and applications. A non-comprehensive list includes semiconductors, such as silicon [24, 25] and GaAs/AlGaAs (see, e.g., [26] ), as well as nonlinear glasses, such as chalcogenide [27] , silicon oxynitride [28] and bismuth oxides [29] .
Despite the large number of platforms investigated so far, none of them has clearly stood out as the ultimate choice for future all-optical networks, mostly due to the difficulty to address in a single material all the necessary requirements, such as low linear and nonlinear losses, high nonlinearity, mature fabrication technology, etc. Silicon, for example, features a very mature low-cost fabrication technology mainly imported from electronics, but, being an indirectbandgap semiconductor, suffers from the difficult implementation of an electrically pumped laser. In addition, despite its remarkable nonlinear Kerr coefficient, which in principle makes it a favorable material for nonlinear applications, it is affected by significant nonlinear losses in the telecom spectral range (1400-1600nm), due to two-photon absorption first, and the subsequent absorption by the induced free-carriers [30] [31] [32] [33] .
In this paper, we focus on two of the most promising solutions currently available among semiconductors and nonlinear glasses, i.e. AlGaAs and Hydex® (a novel high-index doped silica glass developed by Little Optics in 2003 [34] ), respectively.
AlGaAs
AlGaAs has been termed "the silicon of nonlinear optics" [26] due to its excellent nonlinear performance [26, [35] [36] [37] [38] . In addition to the highest Kerr nonlinearity among the candidates for all-optical signal processing (n 2~1 0 -17 m 2 /W at λ=1.55 μm [36] ), it also has a high refractive index allowing for a tight mode confinement for even more efficient nonlinear interactions. The value of the refractive index of AlGaAs can be adjusted in the range between 2.90 and 3.38 by changing the Al concentration from 100% to 0 during epitaxial growth, which offers significant freedom in designing various AlGaAs integrated optical components. Moreover, AlGaAs is a direct bandgap material that allows the monolithic integration of a laser source, low-loss waveguides (performing various linear or nonlinear operations), and a detector on the same chip without resorting to hybrid integration. All these benefits render AlGaAs a promising material platform for the realization of a broad class of integrated photonic devices.
Nonlinear effects in AlGaAs are not limited only to third-order processes. Since it is a non-centrosymmetric medium (unlike silicon), it possesses even-order nonlinearities, with a relatively large value of χ (2) of about 200 pm/V [39] . Typically, the lower-order nonlinearities are stronger than the higher-order nonlinear interactions, and thus AlGaAs devices capable of SHG and DFG are regularly investigated [40] .
The key to efficient second-order nonlinear wavelength conversion is to satisfy the phase matching condition. Since AlGaAs is linearly isotropic, this cannot be achieved by using birefringence as is done in bulk nonlinear crystals such as LiNbO 3 
Hydex®
Generally, third order nonlinear interactions encompass a multitude of parametric phenomena that all depend critically on the product of three factors [14, 15, 41] : (i) the effective interaction length L (or time duration) over which light interacts with the medium it propagates in, (ii) the intensity of the light beam, and (iii) the strength of the nonlinearity tensor. The latter two conditions are typically achieved using semiconductor materials [14, 30, 41, 42] or high-index glasses such as chalcogenides [43, 44] , as they possess both a high nonlinear coefficient and a high index of refraction (allowing sub-wavelength confinement of the light, and thus high intensities). However, most nonlinear optical waveguide devices are typically short, ~mm, and long or resonant structures cannot be used to enhance nonlinearities due to impairments from nonlinear and linear optical losses [38, [45] [46] [47] . Specifically, multiphoton absorption (a nonlinear effect related to the imaginary part of odd-order nonlinear susceptibility terms) in most semiconductors limits the overall maximum effective nonlinearity that can be achieved, and has been reported in several experiments to be detrimental for frequency mixing [38, 46] . Moreover, linear losses in many optical materials remain significantly high due to the scattering sites resulting from the etching processes commonly used for the fabrication of high contrast waveguides [45, 48] . Consequently, this limits the overall useful length for nonlinear interactions, and puts limitations on the maximum achievable quality factor for resonators. Illustratively shown in Fig. 2 the effective interaction length for the nonlinear gain (phase) for SPM scales as L eff = (1-exp(-αL))/α, and consequently, low losses are fundamental to exploit the length dependence of the nonlinearity. This remains a challenge for most nonlinear optical materials such as AlGaAs and silicon [38, [45] [46] [47] , where losses are still on the order of a few dB/cm. velocity dispersion of β 2 < 20 ps 2 /km for over 100 nm centered at 1550 nm [50] , and an absence of multiphoton absorption for intensities up to 25GW/cm 2 (propagated over 45cm devices) [49] .
Whereas the nonlinear parameter, γ = 2πn 2 /λA eff , is only 220W -1 km -1 [49] (compared with the most nonlinear silicon-on-insulator waveguides having γ values up to 1000 times larger [51, 52] ), the extremely low loss associated with this material platform allows for longer waveguides (see [49] for SPM measurements in a 45 cm spiral waveguide confined on a 2×2 mm 2 footprint) and resonant structures having high quality factors. The importance of this optical platform has been demonstrated repeatedly in the last decade via both linear and nonlinear devices. Specifically, optical filters with more than 80 dB rejection were achieved via a cascade of high quality factor ring resonators [53] . These resonators have also been shown critically important for future generation biomolecular sensors [54] , all-optical signal processing [55] , and, more recently, for all-optical logical operations, such as all-optical integration [56] . For nonlinear optical applications, an ultrashort pulse compressor [57] and an ultrafast all-optical oscilloscope [58] were developed by means of a long spiral waveguide. Moreover, self-phase modulation measurements [49] and the generation of a supercontinuum [59] were recently reported, and prove the potential of utilizing this material platform for optical frequency conversion. In this paper we report experimental results showing the possibility of achieving CW FWM and spontaneous parametric oscillation (see Secs. 3.1 and 3.2, respectively) by exploiting a high quality factor microring resonator (see Fig. 3 ) that surpasses the limitations found in conventional nonlinear semiconductors. 
Photonic Structures
In order to achieve highly efficient optical frequency conversion, several photonic structures have been developed so far, relying on stronger mode confinement, and thus higher power density (see, e.g., [30, [60] [61] [62] ), material dispersion compensation (see, e.g., [30, 63, 64] ), artificial phase matching in non-birefringent materials (see, e.g., [40, 64] ), etc. However, these structures also present some drawbacks. For example, in photonic wires, the small size of the mode leads to scattering centers and surface state absorptions due to a relatively large field along the waveguide etched sidewalls [65] . For this reason the appropriate structure must be carefully chosen in relation with the application under investigation. In the following sections, we briefly describe the structures exploited for high-efficiency optical frequency conversion in AlGaAs and Hydex®.
AlGaAs strip-loaded waveguides
AlGaAs strip-loaded waveguides are micron-size devices that can be fabricated using standard photolithography procedures (see Fig. 4 (b) for a schematic diagram). The lateral confinement of the mode in such waveguides is achieved by defining a ridge in the upper cladding, so that the guiding layer is buried underneath the ridge, and the guided mode does not experience large scattering losses due to the sidewall roughness. The waveguide dispersion in strip-loaded waveguides is very small, as the light confinement is not very tight, so, an obvious limitation to the nonlinear interactions comes from the material dispersion that introduces a phase mismatch between the interacting waves at different frequencies. Several techniques have been developed to solve the problem of phase mismatch. Among those, we can list the realization of dispersionengineered waveguides with sub-micron dimensions (nanowires) [66] and the periodical modulation of either the linear [67] or nonlinear [68] optical susceptibility. In the next section,
we discuss a few techniques for phase matching the second-order nonlinear effects. 
Periodically intermixed waveguides
The problem of phase matching second-order nonlinear processes in isotropic materials such as
AlGaAs can be overcome in a number of ways. As such, several waveguide structures have been developed so far by many groups in order to achieve it in AlGaAs waveguides. These include multilayer AlGaAs/Al 2 O 3 waveguides for artificial form birefringence phase matching (FBPM) [69, 70] , engineered-waveguides for modal phase matching (MPM) [71, 72] , Bragg reflection waveguides (BRW) for MPM [73] , orientation patterned GaAs (OP-GaAs) for quasi-phase matching (QPM) via domain reversal [74] , and periodically switching nonlinearity (PSN) via etch-and-regrowth for QPM [75] . A comprehensive discussion of these techniques may be found in Ref. [13, 40] . Typically, these techniques require complex fabrication processes and/or waveguide structures that limit their potential for monolithic integration. For instance, the electrically insulating Al 2 O 3 layers in FBPM methods prohibit integration of current pumped active devices such as lasers and amplifiers into the structures. Regrowth epitaxy in the QPM techniques limits device yield, increases costs, and raises optical losses. MPM methods sacrifice overlap of the interacting waves, thus reducing the conversion efficiency. In all cases, optical attenuation tends to be high due the use of high-order modes, unavoidable rough interfaces from processing, and lossy waveguiding structures. Another method for phase matching that is more amenable to monolithic integration is required in order to implement complex optical circuits for miniaturization.
One phase matching technique that has led the way for monolithic integration is domaindisordered quasi-phase matching (DD-QPM). By using simple waveguide structures and fabrication processes, DD-QPM aims to reduce optical losses while remaining cost efficient.
Unlike the more traditional QPM approach, this method does not require periodically inverting the nonlinear susceptibility with complex epitaxy steps as is done in OP-GaAs methods. Instead, the nonlinear susceptibility is periodically suppressed as in the PSN method, except that no material regrowth is required. Manipulation of the nonlinearity is achieved by using a suite of post-growth processes known as quantum well intermixing (QWI) [76] . For this technique to work, the waveguide core must be composed of a multiple quantum well (MQW) structure that is designed to provide an optical resonance just above the photon energy of the shortest wavelength in the process (the second harmonic in SHG, or the pump wavelength in DFG), such that the nonlinear susceptibility is large while the optical absorption remains low. Using standard lithography, the quantum wells are exposed to a post-growth process that causes their well and barrier layers to blend together as is shown in Fig. 5 . This intermixing process alters the
As-grown Intermixed Intermixing increases the band gap energy to E g,new causing a shift in the dispersion of χ (2) and reducing the magnitude by Δχ (2) at photon energies near the original band gap E g .
composition and dimensions of the quantum wells causing a commensurate increase in the band gap energy. As a result, the resonance features of the χ (2) dispersion are shifted to high energies, effectively lowering the nonlinearity at the operating wavelengths in the intermixed regions.
Since the intermixing effect can be patterned [77] , χ (2) can be modulated in the waveguide core, yielding as-grown and intermixed material sections, as is shown in Fig. 6 .
As-grown Intermixed In a QPM structure, the phase matching condition is satisfied when
where k 1 , k 2 , and k 3 are the propagation constants of the three interacting waves, Λ is the period of the QPM grating, and m is the order of the grating. In the case of SHG, the phase matching condition becomes
where k ω and k 2ω are the propagation constants of the fundamental and second harmonic waves, respectively. Unlike FBPM and MPM techniques where the phase matching wavelength is generally set by the waveguide heterostructure, the phase matching wavelength in QPM is set during lithography by adjusting the grating period, thus allowing an extra degree of freedom to tailor the operating wavelengths. It permits the possibility of incorporating multiple devices with different phase matching periods onto the same wafer to cover multiple operating wavelengths, and it also allows chirping within an individual grating to increase the phase matching bandwidth. However, the flexibility and lower cost of the QPM technique comes at the expense of a lower potential efficiency. Under ideal conditions, the periodic modulation of χ (2) leads to a lower effective nonlinearity which is calculated as
where ς is the grating duty cycle and Δχ (2) is the difference in the value of χ (2) between the asgrown and intermixed domains. While this effective nonlinearity is at best 60% lower than in FBPM and MPM, in which χ (2) eff is the material full valued χ (2) , the lower linear loss and large mode overlap in DD-QPM waveguide structures make up for this loss in efficiency. Modulation of χ (2) in AlGaAs MQW and superlattices is theoretically between 50-100 pm/V, which is comparable to that available in periodically poled lithium niobate (PPLN) [79] .
Work on the DD-QPM technique has proceeded over the last number of years with steady improvements to the fabrication processes and waveguide structures leading to increases in device efficiency. Early research used asymmetric quantum well structures, impurity-free vacancy disordering (IFVD) QWI techniques [80] . From there, DD-QPM has evolved to incorporate a symmetric AlGaAs/GaAs superlattice as the waveguide core to increase the maximum amount of band gap and χ (2) shift [81] . However, the IFVD process is limited in resolution due to lateral spreading of the surface defects induced to promote disorder as shown in Fig. 7(a) , and hence restricted devices to high-order gratings that reduced the potential efficiency. Since then, a transition was made to ion-implantation disordering (IID) QWI, shown in Fig. 7(b) , in order to increase the resolution of the intermixing process. MicroRaman spectroscopy has confirmed that first-order gratings can be formed by this technique [82] . As a result, higher SHG conversion efficiencies were recorded [83, 84] . We have continued the work on DD-QPM and have achieved even greater performance, which will be discussed in Sec.2.2. 
Microring resonators
A completely different structure that can be exploited for enhancing the optical frequency conversion, but is not limited to this purpose, is the microring resonator. Optical microcavities are in general exploited for many different applications, ranging from lasing sources on a chip (see e.g. [85] and references therein) to frequency comb generation [86, 87] . Microcavities have recently attracted a great deal of attention for studying nonlinear wavelength conversion, as they permit to lower thresholds and increase effective conversion efficiencies, thereby allowing CW nonlinear optics. For a comprehensive review on optical microcavities and their applications see e.g. [85] . In this paper we focus on the possibility of exploiting planar integrated microring resonators to lower the power requirements for nonlinear (CW) interactions. In order to describe the efficiency enhancement induced by the resonant structure, we will briefly describe the main properties of FWM in this geometry. Whereas phase matching can be challenging to obtain in straight waveguides, the selection rule (angular momentum conservation) in resonator structures is automatically satisfied for symmetrically distributed idler and signal resonances around the pump resonance (see Fig.   8 ):
for some integer k. However, these conditions do not generally guarantee parametric growth. Indeed, in the presence of dispersion, the resonant frequencies are not equally separated by a fixed free spectral range. Consequently, the generated new idler frequency ω i = 2ω p -ω s does not necessarily correspond to a resonance of the structure. This creates a frequency mismatch (analogous to photon energy conservation) of Δω = ω i -ω ir , where ω ir is the closest cavity resonance to ω i [88] . Moreover, contrary to second-order nonlinear optical frequency conversion processes, such as SHG, the requirement of having the material phase matching term (or frequency mismatch for resonators) equal to 0 is not sufficient or always correct for efficient FWM. Indeed, the nonnegligible self-action effect of SPM, and the intra-beam interaction of XPM add an intensity dependent term to the net overall phase matching term (or equivalently, the propagation constant of the nonlinear modes is not the same as for the linear modes). This can be intuitively understood from the fact that the Kerr nonlinearity modifies the overall material index, causing a frequency shift in the resonant frequencies that depends on power. Net parametric gain can nevertheless be obtained whenever
where γ is the nonlinear parameter, P p is the pump power (circulating in the resonator), c is the speed of light in vacuum, and n g is the group index at ω i [15, 88] , with the maximum gain occurring for Δω=−2γP p c/n g . Satisfying this frequency mismatch, along with obeying the selection rule (from angular momentum considerations), is necessary for efficient parametric conversion, although other factors can also limit the process (e.g. polarization, tensor strength and symmetries).
The evolution equations for degenerate FWM in a microring resonator can be obtained using temporal couple mode theory [90, 91] , or using steady state equations of propagation (when the bending of the resonance can be neglected). In the low-conversion efficiency approximation, assuming negligible frequency mismatch, the net parametric frequency conversion is [92, 93] :
where P i is the output (coupled out of the resonator) idler power, P p and P s are the input pump and signal powers (before being coupled to the resonator), respectively, L eff is the effective length: ,
α is the linear loss coefficient, and L the effective circumference of the resonator. Note that Eq.
(5) also assumes that the frequency separation between the pump, signal and idler beams is relatively small such that the spatial modes are geometrically similar. The optical frequency generation process thus depends quadratically on the product of the pump power, the nonlinear parameter, and the effective length, and linearly on the signal power. The term F E is the field enhancement factor [50, 93] , and represents the overall contribution of the resonant structure (F E = 1 for a straight waveguide, where L would be the waveguide length); in the absence of losses for a 4 port ring (as illustrated in Fig. 3) , F E 2 ≈ 2Q·FSR/ω, where FSR is the free spectral range and Q is the quality factor. As the conversion efficiency scales with Q 4 , having large Q factors is extremely beneficial for FWM applications. Unfortunately, a maximum permissible Q exists, at the so-called critical coupling regime where the coupling Q equals the loss Q [94] . This maximum Q is approximately nω/2αc, and thus it is fundamental to have low losses for high Q factors, and consequently low-power FWM.
The low-conversion efficiency relation, Eq. (6), is useful to understand the physics affecting the growth of the converted signal, but past ~10% conversion, pump depletion becomes significant and numerical means must be used to estimate the net conversion efficiency.
However, the upper limit of conversion (i.e. maximal converted power) can be obtained from the Manley-Rowe relations [14, 90] . Conceptually, maximum conversion occurs when all pump photons are depleted. The FWM process generates both idler and signal photons, and thus the maximum conversion efficiency is limited to:
.
When the converted idler frequency is near to the pump frequency, one finds that the maximum conversion efficiency is approximately 50%. In Sec. 3, we report our recent results on optical frequency generation by means of Hydex® microring resonators, exploiting both seeded and spontaneous FWM.
Optical frequency conversion in AlGaAs waveguides
In this section we present an overview of our recent achievements in optical frequency conversion exploiting second-and third-order nonlinear interactions in AlGaAs strip-loaded waveguides. In particular, we discuss wavelength conversion by SPM, XPM and FWM (Sec.
2.1), as well as by SHG and DFG (Sec. 2.2).
SPM, XPM and FWM in AlGaAs strip-loaded waveguides
As stated in the introduction, wavelength conversion can be implemented by way of third-order nonlinear effects, such as XPM and FWM, which are the nonlinear optical processes relying on the real part of χ (3) . Together with a high value of n 2 , a nonlinear material should also exhibit low linear and nonlinear propagation losses in the telecom spectral range (1400 -1600 nm). The performance of a nonlinear material can be evaluated in terms of the figure of merit (FOM) T [26, 36] , defined as ,
where λ 0 is the free-space wavelength, and α 2 is the two-photon absorption (TPA) coefficient resulting from the third-order nonlinearity. For a nonlinear material to be efficient, the condition T < 1 must be satisfied [36] . It is worth noting that several FOMs have been defined in literature for characterizing the different nonlinear effects like, e.g., three-photon absorption [36, 95] .
Al 0.18 Ga 0.82 As has the potential for being used in all-optical networks due to its large Kerr coefficient (n 2 ≈1.55×10 -13 cm 2 /W) and small TPA coefficient (α 2 ≈0.05 cm/GW at 1550nm) [36] , resulting in a nonlinear figure of merit T < 0.6 [26] . In fact, an efficient SPM [35, 37, 38] and XPM [37] have been demonstrated earlier in AlGaAs ridge waveguides [35] and photonic wires [38] despite the high propagation loss in the latter case. This motivated us to take a step further in optimizing the performance of AlGaAs, making use of its flexibility and tailorability, in order to achieve even more efficient nonlinear interactions.
In our recent studies [47, 96] , we designed and characterized the nonlinear performance of compact AlGaAs strip-loaded waveguides for efficient wavelength conversion. We chose a striploaded waveguide configuration instead of dispersion-engineered submicron waveguides (photonic wires), as it is relatively easy to fabricate by a standard single-step photolithography procedure, and moreover the guided mode in such devices is not sensitive to the fabrication imperfections, as it propagates in the guiding layer underneath the ridge and does not sense the sidewall roughness. We adjusted the AlGaAs wafer composition, as well as the geometrical parameters in our design as to minimize the linear and nonlinear optical absorption losses, while retaining a single-mode operation with minimal effective mode area A eff to maximize the nonlinear coefficient γ = 2π n 2 /λ 0 A eff . More specifically, we increased the index contrast between the cladding and the guiding layer compared with previous designs [35, 36] to minimize the effective mode area, while choosing the guiding layer composition to be Al 0.18 Ga 0. 82 As, corresponding to a transparency window between the two-and three-photon absorption peaks, within the telecom C-band [36] .
Compact strip-loaded AlGaAs waveguides were designed with the wafer composition and waveguide dimensions shown in Fig. 4 . We achieved single-mode operation with A eff =4.3μm 2 (TM), γ ≈ 13 m -1 W -1 , measured linear propagation losses of 2-3 dB/cm and a threephoton absorption coefficient α 3 ≈ 0.08 ± 0.03 cm 3 /GW 2 in 1.0-2.7-cm-long devices [47] . We did not observe any two-photon absorption in our devices.
Using a tunable optical parametric oscillator (OPO), generating 2-ps FWHM pulses with an average power of 300 mW (peak power of 154W), we experimentally measured the SPM in our waveguides (see Fig. 9 ). We recorded a nonlinear phase shift of up to 6π, for the TM mode, which is the largest value reported in AlGaAs strip-loaded waveguides to date. This result confirmed that our devices were optimized for highly efficient nonlinear interactions. Image source: [47] .
XPM and FWM was characterized in this device by coupling simultaneously both the OPO pulse and a tunable C-band CW signal laser, amplified by an erbium-doped fiber amplifier (EDFA) to a 2-W level. The high peak power OPO output served as a pump, inducing the nonlinear phase shift in the CW probe (XPM), which resulted in the appearance of side wings around the CW peak [see Fig. 10(a) ]. The pump and signal beams also interacted in the sample via FWM, which resulted in the generation of an idler peak on the opposite side of the OPO peak [see Fig.10(a) ] at ~1580nm (governed by the FWM energy relation ω i = 2ω p -ω s ). SHG and DFG were not observed, presumably due to absence of phase matching at the frequencies used. In Fig.10(b) , we show the tunability of the FWM process by varying the wavelength of the CW signal in the range 1543-1557 nm, which was limited not by the bandwidth of the phase matching, which is expected to be wider, but by the gain of the amplifier, that prevented high enough signal powers to take accurate measurements. The maximum tuning range of the CW probe, resulting in the appearance of the generated idler, was measured to be 20 nm [47] . The limiting factors affecting the efficiency of FWM are the material losses and the walk off between the pump and generated idler due to the group velocity dispersion. The walk-off length for the maximum signal-to-idler separation achieved (20 nm) was estimated to be on the order of a few centimeters (from the overall dispersion of our devices), which is on the order of the length of the waveguides in our experiment.
The momentum conservation law that is required for an efficient phase-matched FWM interaction, β i =2β p −β s is difficult to fulfill because of the material dispersion of AlGaAs: D mat = -1000 ps/nm/km. Note that the waveguide dispersion in our samples is relatively small, changing slightly the total dispersion at 1550 nm to -910 ps/nm/km. Nevertheless, this dispersion-induced phase mismatched was compensated by the induced mismatch from XPM and SPM. We were thus able to achieve a tunability range of up to 14 nm in our experiments with a signal-to-idler conversion efficiency as large as 10dB. Considering other samples, we also achieved a tunability range up to 20nm, with a signal-to-idler conversion efficiency equal to 8db [47] . A maximum separation of 60 nm between the signal and idler wavelengths was observed in our samples, limited by the EDFA tunability range. We thus have achieved good results on wavelength conversion in non-dispersion-managed waveguides. In the next section we discuss the results obtained exploiting phase-matched nonlinear interactions by means of DD-QPM.
SHG and DFG by means of DD-QPM in periodically intermixed waveguides
Continued interest in using second-order nonlinear effects for wavelength conversion has focused our recent research efforts on improving the efficiency of AlGaAs DD-QPM waveguides. To this end, we have attempted to reduce scattering losses and increase the band gap shift in the superlattice to yield a larger Δχ (2) . Additionally, we have made some adjustments to the waveguide structure, including the GaAs/AlGaAs superlattice core layer, to improve the nonlinear behavior. In the SHG experiments performed with the most recent devices, the result has been the production of nearly 10 µW of second-harmonic power using 2-ps optical pulses at wavelengths around 1550 nm in the type-I interaction (TE polarized fundamental, TM secondharmonic), representing a nearly six-times increase over previous generation devices [84] and a conversion efficiency improvement of nearly an order of magnitude over the first demonstrations of superlattice core DD-QPM waveguides [97] . With the improvements made, the latest DD-QPM devices were capable of continuous-wave SHG [68] and type-II SHG (mixed TE/TM fundamental, TE second-harmonic) [98] with internally generated second-harmonic powers in excess of 1 μW. Experiments were also carried out to examine the effect of pulse length on the SHG conversion efficiency, and it was found that high-order nonlinear effects such as nonlinear refraction and two-photon absorption reduced substantially the efficiency at high power [99] . In all experiments, phase matching was achieved at different wavelengths over a span of 60 nm using different QPM periods ranging from 3.1 -3.8 µm as displayed in Fig. 11 , which shows the wide flexibility of DD-QPM. Results from SHG experiments in DD-QPM waveguides can be used to evaluate the strength of the second-order nonlinearity in the AlGaAs/GaAs superlattice core. The normalized conversion efficiency, as defined in Ref. [98] , is the usual metric for evaluating performance.
DD-QPM waveguides have demonstrated normalized conversion efficiencies of up to 1200 % W -1 cm -2 for type-I SHG and 350% W -1 cm -2 for type-II SHG, depending on the phase matching wavelength. After accounting for the impact of linear losses on the efficiency [101] and scaling the values according to the pulse lengths used (2-ps, in this case), the value of χ (2) eff and Δχ (2) can be extracted. Figure 12 shows the change in the susceptibility tensor elements χ (2) zxy and χ (2) xyz , which are associated with the type-I and type-II interactions, respectively, for the AlGaAs/GaAs superlattice core. The modulation is as high as 26 pm/V, which is about half the expected amount for this superlattice structure and below what is achievable in PPLN. This can be explained as the result of only partially intermixing the superlattice resulting in a band gap differential between as-grown and intermixed areas of only 27% of the potential maximum. Additional optimization of the QWI process will be necessary to yield the needed band gap shift and Δχ (2) for competitive efficiency. Most recently, we have made the first demonstration of DFG in DD-QPM waveguides between wavelengths in the C-, L-, and U-band [100] . We were able to show both type-I and type-II phase matching based on the polarization configurations of the signal, idler, and pump beams. As shown in Fig. 13 , the wavelengths were converted over a span of up to 100 nm with a single unchirped DD-QPM grating. Such a large bandwidth would make it suitable for wavelength conversion in DWDM systems. Conversion efficiencies were comparatively low at around -65 dB. However, considering that the input beams were continuous waves, this is a rather good result for a first attempt. Further improvements to lower the losses and to improve the physics of the QWI process will lead to more practical efficiency levels. The goal of using DD-QPM in AlGaAs/GaAs superlattices is to build a platform for complete, monolithically integrated optical frequency conversion devices. As depicted in the example of Fig. 14 , such devices would include a pump laser to drive the nonlinear conversion process, dichroic couplers for combining and splitting the pump and signal wavelengths, and passive waveguides for routing the signals on and off the chip. All of these components can be built in the same AlGaAs material system without the need for hybrid material integration and without the need for etch-and-regrowth processes. In addition to altering the nonlinear properties of the superlattice core, band gap shifting by QWI can be used to mix active and passive areas onto the same chip. Superlattice-core lasers with a similar layer configuration as the DD-QPM devices have been already demonstrated [102] . Dichroic couplers based on multi-mode interference (MMI) structures have also been fabricated and show sufficient separation of the pump and signal wavelengths. Though some challenges remain, these building blocks are suitable for integration with each other for a true all-optical PIC solution to wavelength conversion. 
Optical frequency conversion in Hydex®
In this section we overview our recent achievements in frequency conversion exploiting FWM in Hydex® microring resonators. We discuss both the case in which the seed is externally provided (Sec. 3.1), as well as the case in which vacuum fluctuations act as a seed for a spontaneous FWM process (Sec. 3.2).
CW Four Wave Mixing
Exploiting the ultra-low losses (0.06dB/cm) of the Hydex® platform, a 4-port Hydex® microring resonator with a radius of 135μm was fabricated as shown in Fig. 3 . Whereas the maximum theoretical Q is approximately 2.5 x 10 6 for this platform, the experimentally measured Q for our design was approximately half this value (≈1.2 x 10 6 ) with a corresponding resonance linewidth of 1.3pm (160MHz) at 1550nm, and a free spectral range of 200GHz. The dispersion in this platform was evaluated by measuring the frequency dependence of the freespectral range, from which we numerically estimated the maximum allowable FWM bandwidth [50] . Figure 15 portrays the frequency mismatch factor (Δω) as a function of the pump frequency and the signal frequency (for low input pump and signal powers). The colored region indicates the condition when Δω < 80MHz, which is half of the resonance full width at half maximum (FWHM) linewidth, and thus where FWM is frequency matched with the ring resonances. In contrast, the black region indicates frequency combinations where FWM is not realizable. As can be seen from the figure, the zero dispersion point is near 1560 nm in this structure (vertical polarized mode), whereas the curvature in the plot is a result of fourth order dispersion terms that were taken into account for the modeling [50] . A FWM bandwidth broader than 160nm is numerically extrapolated from the experimental data for an operative pump frequency near the zero-dispersion point (see [50] for more details). This remarkable result is a consequence of the low dispersive properties of our platform. Note that whereas the power dependence of the total mismatch is not represented in Fig. 15 (obtained for an arbitrary low power), the net effect of the SPM/XPM induced frequency mismatch will simply be to offset the figure slightly since this mismatch is (approximately) frequency independent. The region where the frequency mismatch is too large to observe tangible FWM is represented in black. Note that we interpolated the data between resonances for aesthetics and to add clarity in reading the figure.
FWM was investigated by using two low power CW lasers. Experimentally, each laser was polarized and frequency aligned to a separate cavity resonance; the pump laser was used to excite the Input port (see Fig. 3 ), whereas the signal laser was used to excite the Add port. The output power and spectrum (using an optical spectrum analyzer) were collected at the Drop port in these experiments, although at resonance the pump, signal, and converted idler beams exit from both the Drop and Through ports: see [50] for further details on the experimental setup. The efficiency of the process was also sufficient to see a cascaded process of FWM whereby the signal, pump (which in this degenerate FWM process is defined to be the source of two of the three input photons needed for the FWM interaction), and idler formally exchange roles to produce a new idler (see Fig. 16 ). This cascaded process produced a total of 4 generated detectable idlers [50] . Unfortunately, the FWM conversion efficiency was found to saturate at higher pump powers due to two-photon absorption and to the generated free carriers [93] , placing overall limitations on the nonlinear gain, which presumably is the reason why a silicon OPO has yet to be reported.
Many FWM experiments have equally been performed with pulses, where waveguide devices are preferred over cavities due to the limited bandwidth of typical resonances. Multiple applications in a host of optical platforms have been reported, including all-optical regeneration and demultiplexing in chalcogenides [104, 105] , silicon [52] , GaAs [47, 96] , silica photonic crystal fibers [106] , as well as in Hydex® [55, 107] . A direct application of integrated FWM is in telecommunication systems, where signals may need to be remapped to different frequencies (i.e., in the case of wavelength contention) for nonstop service to the consumer [108] .
Optical hyper parametric oscillator
For certain applications, the requirement of two lasers for nonlinear frequency mixing can be problematic, cumbersome and costly. For instance, attosecond physics [109] , molecular fingerprinting [110] , broadband sensing and spectroscopy [111] , and optical interconnects would make great use of a compact multiple wavelength source, where a single (on-chip or off-chip)
CW laser source could generate a cascade of CW frequency components to be either modulated, sampled or used for synchronization on-chip. Such a source can be realized from a high Q resonator with the appropriate nonlinear gain. idler pair, with vacuum acting to spontaneously seed the process. In a low-loss resonator with sufficient pump power, the nonlinear gain of the generated broadband idler signal can surpass the overall net losses (coupling to the ports, bending and propagation loss), such that oscillations can occur. The process is similar to a laser, albeit mediated by virtual states instead of the real quantum states of the system [14] . At the threshold power for oscillation, the gain peaks for a narrowband spectral region around a signal and idler pair. Supplying more pump power causes an exponential increase in the generated idler and signal, allowing for the cavity to self-seed and oscillate. This type of resonant oscillation behavior is commonly referred to as an optical parametric oscillator when the interaction is a result from difference frequency generation in a χ (2) medium [14] . For a third order process, such as spontaneous FWM, the device is called an optical hyper-parametric oscillator [113] . The threshold power required for oscillation, and the corresponding signal-idler pair that oscillates, can be estimated using couple mode theory [90] , or directly by equating the FWM gain to the losses within the cavity for one complete cycle [114] . The threshold power was estimated to be ~50 mW (coupled) for the Hydex® high Q resonator when the pump was placed at a ring resonance of 1544.15 nm, and the signal and idler pairs were expected to oscillate roughly 50 nm from the pump [114] . Experimentally, oscillation was observed by using a single CW fiber laser, amplified via an erbium doped fiber amplifier, coupled to the Input port of the resonator (see Fig. 3 ). The significantly higher optical power used in this experiment (roughly ten times higher than the value used in the seeded degenerate FWM experiments) causes considerable amount of cavity heating, changing the resonances, in turn leading to hysteresis and some instabilities [115] . To compensate for these effects, the resonator was thermally isolated on a Peltier cell to control and maintain its temperature, and a thermal locking procedure was used to slowly bring the pump laser into resonance [114] . Incidentally, this continuous tuning of the pump frequency compensates experimentally for the frequency mismatch introduced by SPM and XPM. The output of the ring resonator was collected at the Drop port using a power meter and optical spectrum analyzer.
Experimentally, the threshold power was determined to be 54 mW, with the corresponding signal-idler pair separated by 52 FSR (λ s = 1596.98 nm, λ i =1494.70 nm), as shown in Fig. 18 . The nonlinear conversion from the pump to the new frequencies is extremely critical at pump powers near the threshold power. Above threshold, an increase in the pump power causes the idler (and signal) to grow linearly, see Fig. 19 , and also marks the onset of cascaded FWM. The linear growth plateaus at higher input powers as the quantum limited conversion efficiency (with losses) is approached, and as cascaded FWM becomes increasingly important. The differential slope efficiency (per port and for a single line) directly above threshold was measured to be P i /P p = 7.4%, whereas the total maximum conversion was found to be 9mW in all oscillating modes [114] . Furthermore, the wide frequency spacing amongst the oscillating modes represents a bandwidth of more than 6THz. It was also shown that pumping different resonances can lead to significant changes in the oscillation conditions and threshold powers, presumably due to the proximity of the zero dispersion point. nm, λ i =1494.70 nm) that grow out of noise with an exponential dependence on the pump power is generated.
Cascaded FWM can also be observed above threshold, creating another pair of idlers (~1448 nm and ~1654 nm). Together with recent results in similar silicon nitride based microring resonators [116] , this is the first demonstration of an integrated optical parametric oscillator, whilst other demonstrations in non-integrated platforms have also been shown, such as in CaF 2 [113] and silica microtoroids [89] , and in fibers and photonic crystal fibers [117, 118] . The smooth and robust fabrication process of these non-integrated platform allow for even lower losses than those obtained with Hydex®, and consequently higher Q factors and higher efficiencies.
However, on-chip CMOS compatible systems are generally desired for numerous applications that prioritize integrating numerous devices/operations on a single low-cost multifunctional chip.
Direct applications include the potential to replace multiple lasers in optical WDM systems with a single laser source. As recently shown by Intel [119] , this CMOS compatible technology would be extremely cost and space effective in replacing multiple hybrid silicon lasers via a high Q microring resonator.
Conclusions
In this paper we have discussed our recent progress in frequency conversion using AlGaAs strip- hyper-parametric oscillation in microring resonators. It is worth mentioning that we also observed efficient SHG in AlGaAs photonics wires [72] , as well as efficient self-phase modulation [49] , supercontinuum generation [59] , and FWM in Hydex® spiral waveguides, which we did not discuss in this review due to space limitations.
In conclusion, we strongly believe that the results presented confirm that these two material platforms have much to offer for future all-optical networks "on a chip". As such, the increasingly numerous attempts to realize highly-efficient integrated nonlinear optical devices in
AlGaAs and Hydex® are of significant importance.
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